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v VWLPXOLUHVSRQVLYH SRO\PHUV ZKLFK
FKDQJH WKHLU HPLVVLRQ FRORU XSRQ H[SRVXUH
WR D UDQJH RI VWLPXOL>@ 7KHVH PDWHULDOV DUH
SURGXFHG E\ LQFRUSRUDWLQJ VPDOO DPRXQWV
RI H[FLPHUIRUPLQJ VHQVRU G\HV LQWR D YDUL
HW\ RI KRVW SRO\PHUV ,Q PRVW FDVHV WKLV FDQ
EH DFKLHYHG E\ FUHDWLQJ SK\VLFDO EOHQGV
RI WKH G\H DQG WKH KRVW SRO\PHU E\ FRQ
YHQWLRQDO PHOWSURFHVVLQJ WHFKQLTXHV>@
7KH DSSURDFK H[SORLWV WKH H[FLPHUIRUP
LQJ SURSHUWLHV RI FKURPRSKRUHV VXFK DV
F\DQRVXEVWLWXWHG ROLJRSKHQ\OHQH YLQ\O
HQHV>@ F\DQR239V DQG IXUWKHU UHOLHV
RQ WKH VWLPXOXVGULYHQ VHOIDVVHPEO\ RU
GLVSHUVLRQ RI QDQRVFDOH DJJUHJDWHV RI
WKHVH VHQVRU G\HV LQ D UDQJH RI KRVW SRO\
PHUV )LJ  :H KDYH VKRZQ WKDW WKLV
JHQHUDO FRQFHSW RI VWLPXOXVWULJJHUHG G\H
GLVDVVHPEO\ LQ SRO\PHU PDWULFHV DOORZV
RQH WR FUHDWH D EURDG UDQJH RI VHQVRU PD
WHULDOV ZKLFK DUH XVHIXO IRU WKH GHWHFWLRQ
RI WHPSHUDWXUH KLVWRU\>±@ H[SRVXUH WR
FKHPLFDOV>@ DQG PHFKDQLFDO GHIRUPD
WLRQ>±@ DV ZHOO DV PRUH FRPSOH[
FRPELQDWLRQV RI VWLPXOL VXFK DV WKRVH
HQFRXQWHUHG LQ VKDSHPHPRU\ PDWHULDOV
)LJ >@&\DQR239V >««i>À Ì Li `i>
vÀ ÌiÃi ÃiÃ} ÃV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v Õ« Ì Îää & 2WKHU JURXSV KRZHYHU
KDYH VXFFHVVIXOO\ DGDSWHG WKH FRQFHSW WR D
UDQJH RI RWKHU G\HV LQFOXGLQJ F\DQRFRQ
WDLQLQJ SRO\SKHQ\OHQH HWK\Q\OHQHV>@
SHU\OHQHV>@ &G6 QDQRSDUWLFOHV>@ DQG
LÃ­LiâÝ>âÞ®ÃÌLii>@
7KH WHPSHUDWXUH DQG FKHPLFDO H[
SRVXUH VHQVRUV EDVHG RQ VXFK SRO\PHU
G\H EOHQGV RSHUDWH E\ NLQHWLFDOO\ WUDS
SLQJ D WKHUPRG\QDPLFDOO\ XQVWDEOH PR
OHFXODU PL[WXUH RI WKH FRPSRQHQWV E\
UDSLGO\ FRROLQJ D KRW DQG DW WKLV WHP
SHUDWXUH PLVFLEOH PL[WXUH EHORZ LWV
JODVV WUDQVLWLRQ WHPSHUDWXUH /J>±@
,I WKH PDWHULDO LV VXEVHTXHQWO\ KHDWHG
DERYH /J WKH V\VWHP EHFRPHV VXIILFLHQWO\
PRELOH VR WKDW LW FDQ HTXLOLEUDWH UHVXOWLQJ
LQ DJJUHJDWLRQ RI WKH G\H PROHFXOHV DQG
WKH IRUPDWLRQ RI H[FLPHUV )LJ E 7KLV
DSSURDFK KDV EHHQ DSSOLHG WR D UDQJH RI
KRVW SRO\PHUV LQFOXGLQJ SRO\FDUERQDWH
SRO\PHWK\O PHWKDFU\ODWH DQG DFU\OLF
FRSRO\PHUV SRO\F\FORROHILQV SRO\HVWHUV
DQG RWKHUV \LHOGLQJ WLPHWHPSHUDWXUH LQGL
FDWLQJ PDWHULDOV WKDW H[KLELW D SURQRXQFHG
IOXRUHVFHQFH FRORU FKDQJH DERYH WKHLU UH
VSHFWLYH /JV 7KH NLQHWLFV IROORZ D SUHGLFW
DEOH $UUKHQLXVW\SH EHKDYLRU DERYH /J
WKH DJJUHJDWLRQ UDWH LQFUHDVHV H[SRQHQWLDO
O\ ZLWK WHPSHUDWXUH>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SRO\
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 DOORZ RQH
WR FRQWURO WKH NLQHWLFV RI WKH FRORU FKDQJH
RYHU RUGHUV RI PDJQLWXGH DQG EURDG WHP
SHUDWXUH UDQJHV LQ D PRVW IDFLOH ZD\
:H KDYH DOVR DSSOLHG WKH VHQVLQJ DS
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SRO\HVWHUV>@ DQG IOXRURSRO\PHUV ZH
H[SORUHG KRZ WKH QDWXUH RI WKH SRO\PHU
G\H FRQFHQWUDWLRQ DQG VROXELOLW\ LQ WKH
KRVW SRO\PHU G\H DJJUHJDWH VL]H DQG HI
IHFWLYHQHVV RI WKH G\H DJJUHJDWH EUHDNXS
LQIOXHQFH WKH PHFKDQRFKURPLF UHVSRQVH
RI VXFK PDWHULDOV 7KH G\H FRQFHQWUDWLRQ
LQ WKH PDWHULDO PXVW EH VXIILFLHQWO\ KLJK
WR FDXVH WKH DJJUHJDWLRQ RI G\H PROHFXOHV
DQG OHDG WR WKH IRUPDWLRQ RI VWDWLF H[FLPHUV
XSRQ FRROLQJ WKH EOHQGV IURP WKH KRPRJH
QHRXV PHOWV 7KH VHPLFU\VWDOOLQH SRO\PHUV
VWXGLHG GLVSOD\ DQ DSSUHFLDEOH DPRUSKRXV
IUDFWLRQ LQ ZKLFK WKH G\H UHVLGHV DQG
ZKLFK KDYH D /J EHORZ DPELHQW 7KLV SUR
YLGHV IRU DGHTXDWH WUDQVODWLRQDO PRELOLW\
RI WKH G\H PROHFXOHV LQ WKH PDWUL[ SRO\
PHU DIWHU SURFHVVLQJ VR WKDW DJJUHJDWLRQ
LV SRVVLEOH XSRQ FRROLQJ $SSURSULDWH LQ
VROXELOLW\ RI WKH G\HV LQ D SDUWLFXODU PD
WUL[ SRO\PHU FDQ EH WDLORUHG E\ FKDQJLQJ
WKH QDWXUH RI WKH VXEVWLWXHQWV DWWDFKHG WR
WKH G\H FRUH i°}° WKH OHQJWK RI DOLSKDWLF
SHULSKHUDO JURXSV>@ 8VLQJ D VHULHV RI
SRO\HWK\OHQHV 3(V RI GLIIHUHQW FU\VWDO
OLQLW\ DQG WKH WZR G\HV ELVF\DQR
PHWKR[\VW\U\OGLPHWKR[\EHQ]HQH
&5* DQG &5* )LJ  ZH GHP
RQVWUDWHG WKDW WKH IRUPDWLRQ RI VPDOO G\H
DJJUHJDWHV XSRQ FRROLQJ WKH EOHQGV IURP
WKH KRPRJHQHRXV PHOWV LV LPSRUWDQW IRU
HIILFLHQW PHFKDQRFKURPLF V\VWHPV VLQFH
ODUJHVFDOH SKDVH VHSDUDWLRQ OLPLWV RU SUH
YHQWV WKH EUHDNXS RI WKH G\H DJJUHJDWHV
XSRQ GHIRUPDWLRQ>@ 7KH UDWH DW ZKLFK
&5* DJJUHJDWHV WKH DJJUHJDWH VL]H DQG
WKH H[WHQW RI DJJUHJDWLRQ ZHUH IRXQG WR
GHFUHDVH ZLWK LQFUHDVLQJ SRO\PHU FU\VWDO
OLQLW\>@ 7KLV REVHUYDWLRQ LV LQ DJUHHPHQW
ZLWK WKH ZHOOHVWDEOLVKHG GHFUHDVH RI WKH
IUDFWLRQDO IUHH YROXPH RI WKH QRQFU\VWDO
OLQH FRPSRQHQW RI 3(ZLWK LQFUHDVLQJ FU\V
WDOOLQLW\ DQG UHIOHFWV D GHFUHDVH RI WKH G\H¶V
WUDQVODWLRQDO PRELOLW\ :KLOH LQ OLQHDU ORZ
GHQVLW\ SRO\HWK\OHQH RI PRGHUDWHO\ KLJK
GHQVLW\  J FP± WKH DJJUHJDWLRQ RI
&5* FDQ DW URRP WHPSHUDWXUH RFFXU
RYHU VHYHUDO PRQWKV>@ G\H DJJUHJDWLRQ
DQG H[FLPHU IRUPDWLRQ ZDV IRXQG WR EH YLU
WXDOO\ LQVWDQWDQHRXV LQ D UDQJH RI GLIIHUHQW
3( JUDGHV FRPSULVLQJ &5*>@ 7RJHWK
HU ZLWK WKH IDFW WKDW LQ VLPLODUO\ SURFHVVHG
3( VDPSOHV &5* IRUPHG PXFK VPDOOHU
DJJUHJDWHV WKDQ &5* LW DSSHDUV WKDW WKH
QXFOHDWLRQ RI &5* LV PXFK IDVWHU WKDQ
WKDW RI &5* OHDGLQJ WR WKH UDSLG JURZWK
RI VPDOOHU DJJUHJDWHV ZKLFK DUH PRUH HDV
LO\ GLVSHUVHG XSRQ GHIRUPDWLRQ WKDQ WKRVH
RI &5* DQG UHVXOW LQ D PRUH VXEVWDQWLDO
IOXRUHVFHQFH FRORU FKDQJH )LJ D>@ 
ÃÌÕ RSWRPHFKDQLFDO H[SHULPHQWV KDYH
VKRZQ WKDW WKH IOXRUHVFHQFH FRORU FKDQJH
RI EOHQGV XSRQ GHIRUPDWLRQPDWFKHV QLFHO\
ZLWK WKH VKDSH RI WKH VWUHVVVWUDLQ SURILOHV
IRU WKH VDPSOHV )LJ  %OHQG ILOPV EDVHG
RQ D ZLGH UDQJH RI SRO\HWK\OHQH PDWULFHV
H[KLELW D VWHHS LQFUHDVH LQ FRORU FKDQJH
XSRQ \LHOGLQJ DQ RQO\ PRGHUDWH LQFUHDVH
GXULQJ QHFN SURSDJDWLRQ DQG D VOLJKWO\
VWHHSHU LQFUHDVH GXULQJ VWUDLQ KDUGHQLQJ ,W
ZDV DOVR VKRZQ WKDW WKH PDJQLWXGH RI WKH
IOXRUHVFHQFH FRORU FKDQJH DQG WKHUHZLWK
WKH H[WHQW RI DJJUHJDWH EUHDNXS LQFUHDVHV
ZLWK GHFUHDVLQJ VWUDLQ UDWH ,QYHVWLJD
WLRQ RI WKH HIIHFW RI SRO\PHU FU\VWDOOLQLW\
RQ WKH PHFKDQRFKURPLF UHVSRQVH RI 3(
&5* EOHQGV UHYHDOHG D ODUJHU H[WHQW
RI FRORU FKDQJH XSRQ GHIRUPDWLRQ IRU WKH
KLJKHU FU\VWDOOLQLW\ 3(V )URP D PHFKDQLV
WLF DVSHFW LW DSSHDUV WKDW WKH DELOLW\ RI WKH
SRO\PHU KRVW WR GLVSHUVH G\H DJJUHJDWHV
XSRQ GHIRUPDWLRQ LV SULPDULO\ UHODWHG WR
WKH SODVWLF GHIRUPDWLRQ SURFHVV RI WKH 3(
FU\VWDOOLWHV>@ 7KHVH ILQGLQJV DUH FRQVLV
WHQW ZLWK WKH PHFKDQRFKURPLF UHVSRQVH RI
VHYHUDO SRO\HVWHUV DQG IOXRURSRO\PHUV WKDW
KDYH DOVR EHHQ LQYHVWLJDWHG>@
5HODWHG ZRUN E\ RXU JURXS IRFXVHG RQ
WKH H[WHQVLRQ RI WKH JHQHUDO VHQVLQJ DS
SURDFK WR G\H V\VWHPV ZKLFK VKRZ «ÌV>
>LÃÀ«Ì V>}iÃ XSRQ VHOIDVVHPEO\
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iVÌÛi iÝVÌ>Ì v Ìi *`"* ÜÌ }Àii
}Ì >Ì x{{  Õ`iÀ >LiÌ V`ÌÃ
ÀiÃÕÌÃ  ÃiÃÌâi` * ÌÀ«iÌ vÀ>
Ì LÞ Ü>Þ v ÌiÀÃÞÃÌi VÀÃÃ} >`
`vvÕÃÛi iiÀ}Þ ÌÀ>ÃviÀ° /À«iÌqÌÀ«iÌ
>>Ì ­//® v Î*I iVÕiÃ
iÛiÌÕ>Þ V>ÕÃiÃ >Ì-ÌiÃ `i>Þi` LÕi
Ã}iÌ vÕÀiÃViVi ViÌiÀi` >Ì {{x °
ÀiiÌLÕi Õ«VÛiÀÃ v>VÌ>Ìi` LÞ
ÌÃ VÀ«Ài «>À  > «ÞiÀ >ÌÀÝ
Ü>Ã Vi>ÀÞ ÛÃLi LÞ Ìi Õ>ÃÃÃÌi` iÞi
 > Üi Õ>Ìi` À Õ« iÝVÌ>Ì
ÜÌ > xÎÓ ] x 7 >ÃiÀ «ÌiÀ >Ã Ìi
}Ì ÃÕÀVi ­}° x®°
/i µÕ>`À>ÌV V`iÌ «ÜiÀ `i
«i`iVi >Ã Üi >Ã Ìi ÃÌ>ÌV >` Ìi
ÀiÃÛi` iÃÃ `>Ì> Ài«ÀÌi` vÀ ÌÃ
>ÌiÀ> ÃÕ««ÀÌ Ìi VVÕÃ Ì>Ì Ìi
Ã}iÌ * vÕÀiÃViVi LÃiÀÛi` Ã 
`ii` Ìi ÀiÃÕÌ v Ìi «À«Ãi` ÃiÃÌâi`
//L>Ãi` iV>Ã ­}° È®>@ /i
v>VÌ Ì>Ì Ìi ÌÀ>Ã>Ì> LÌÞ v Ìi
VÀ«ÀiÃ  Ìi >ÌÀÝ «ÞiÀ Ã iÃ
ÃiÌ> Ü>Ã `iÃÌÀ>Ìi` LÞ Ìi v`}
Ì>Ì Õ«VÛiÀÃ Ü>Ã V«iÌiÞ ÃÕ«
«ÀiÃÃi` >Ì ÇÇ >@ °i°Üi LiÜ Ìi }>ÃÃ
ÌÀ>ÃÌ Ìi«iÀ>ÌÕÀi v "*° /Ã Ã
VÃÃÌiÌ ÜÌ Ìi LÌ v VÀ
«Ài `vvÕÃ  Ìi }>ÃÃÞ ÃÌ>Ìi] «ÀiÛiÌ
} Ìi iViÃÃ>ÀÞ LiVÕ>À ÌiÀ>VÌÃ
>} ÃiÃÌâiÀ >` >VVi«ÌÀÉ>>ÌÀ
­ÀiµÕÀi` vÀ iiÀ}Þ ÌÀ>ÃviÀ® >` >}
ÌÜ >VVi«ÌÀÉ>>ÌÀ iVÕiÃ ­Ài
µÕÀi` vÀ //®°  > ÃÕLÃiµÕiÌ ÃÞÃÌi
>ÌV ÃÌÕ`Þ] ÜV ÛÛi` Ìi ÛiÃÌ}>Ì
v vÕÀ `vviÀiÌ ÃÌ «ÞiÀÃ ­ >``Ì
Ì "*] ÌÀii `vviÀiÌ «ÞÕÀiÌ>iÃ
ÜiÀi ÃÌÕ`i`® ÛiÀ > À>}i v Ìi«iÀ>ÌÕÀiÃ]
ÌiiV>Ã v Ü«ÜiÀ Õ«VÛiÀÃ
 ÀÕLLiÀÞ >` }>ÃÃÞ «ÞiÀ Li`Ã Ü>Ã
«ÀLi`  Ài `iÌ>>@ Ì Ü>Ã ÃÜ Ì>Ì
 > ÃÞÃÌiÃ Ìi Õ«VÛiÀÌi` * iÃ
Ã ÌiÃÌÞ VÀi>ÃiÃ ÜÌ VÀi>Ã}
Ìi«iÀ>ÌÕÀi] LÕÌ Ã ÃÕ««ÀiÃÃi` LiÜ Ìi
«ÞiÀÃ½ ÀiÃ«iVÌÛi /}°
 ÃÕ>ÀÞ] Ìi Ã«i VÀ«À>Ì
v Õ`VÕÃÞ V«Ãi` VÀ«Ài
VVÌ>Ã] ÜÃi ViVÌÛi «ÌV> «À«iÀ
ÌiÃ ÀiÞ  V>ÀivÕÞ >ÌVi` iiVÌÀV
ÃÌ>ÌiÃ] Ì «ÞiÀÃ >Ã ÀiÃÕÌi` > À>}i
v «ÞiÀ ÃÞÃÌiÃ ÜV `Ã«>Þ Ü
iiÀ}Þ «ÌV> Õ«VÛiÀÃ° /i «ÀViÃÃ
ÀiiÃ  > iiÀ}Þ ÌÀ>ÃviÀ ÃVii Ì>Ì
ÀiµÕÀiÃ `Þ>V ÌiÀ>VÌÃ >} Ìi
VÀ«ÀiÃ] ÜV  ÌÕÀ >Ài i>Li`
LÞ Ìi Ã«iVvV V>À>VÌiÀÃÌVÃ v Ìi V
Ãi «ÞiÀ ÃÌ°
¾ !n[A¢[Að eA¸Þín -¨ðnÐ
"A¢¨[¨¸¨ÔÞnÔ
3RO\PHUV ZKLFK FKDQJH WKHLU PHFKDQL
FDO SURSHUWLHV ¼RQ FRPPDQG½ °i° XSRQ H[
SRVXUH WR D SUHGHILQHG VWLPXOXV LQ D KLJKO\
VHOHFWLYH DQG UHYHUVLEOH PDQQHU DUH DWWUDF
WLYH IRU FRXQWOHVV WHFKQRORJLFDOO\ UHOHYDQW
DSSOLFDWLRQV>@ 6KDSHPHPRU\ SRO\PHUV
ZKLFK KDYH WKH DELOLW\ WR UHWXUQ IURP D GH
IRUPHG VWDWH WR WKHLU RULJLQDO VKDSH WKURXJK
D WHPSHUDWXUH LQFUHDVH RU H[SRVXUH WR
RWKHU VWLPXOL WKDW FDXVH D WHPSHUDWXUH LQ
FUHDVH UHSUHVHQW D GHVLJQ DSSURDFK WKDW LV
FXUUHQWO\ UHFHLYLQJ PXFK DWWHQWLRQ>±@
2WKHU FODVVHV RI ZLGHO\ LQYHVWLJDWHG PH
FKDQLFDOO\ DGDSWDEOH PDWHULDOV LQFOXGH
WHPSHUDWXUH DQG FKHPRUHVSRQVLYH SRO\
PHU K\GURJHOV DQG QHWZRUNV>@ SKRWR
UHVSRQVLYH JHOV>@ OLTXLGFU\VWDOOLQH HODV
WRPHUV>@ HOHFWURUKHRORJLFDO IOXLGV DQG
JHOV>@ DV ZHOO DV PDWHULDOV WKDW XQGHUJR
GLPHQVLRQDO FKDQJHV XSRQ VWLPXODWLRQ
IRU H[DPSOH HOHFWURVWULFWLYH PDWHULDOV>@
:KLOH WKH PHFKDQLFDO FKDQJHV RI WKHVH
PDWHULDOV FDQ EH TXLWH GUDPDWLF ± VRPH H[
KLELW YLVFRVLW\PRGXOXV FKDQJHV RI VHYHUDO
RUGHUV RI PDJQLWXGH ± WKH ODUJH PDMRULW\
RI WKHVH PHFKDQRUHVSRQVLYH PDWHULDOV H[
KLELW D YHU\ ORZ PRGXOXV>@ :KLOH WKHLU
SURSHUW\ SURILOHV DUH LGHDO IRU DSSOLFDWLRQV
VXFK DV GUXJ GHOLYHU\>@ DQG FHOO FXOWXU
LQJ>@ H[DPSOHV RI PXFK VWLIIHU PDWHULDOV
WKDW H[KLELW VXFK PRUSKLQJ PHFKDQLFDO EH
KDYLRU DUH OLPLWHG
:H UHFHQWO\ LQWURGXFHG D IDPLO\ RI
QRYHO ELRLQVSLUHG SRO\PHU QDQRFRPSRV
LWHV ZLWK VWLPXOXVUHVSRQVLYH PHFKDQLFDO
SURSHUWLHV LQ ZKLFK D FKHPLFDO VWLPXOXV
FDXVHV D VLJQLILFDQW DQG UHYHUVLEOH VWLIIQHVV
FKDQJH>@ 7KHPDWHULDOV GHVLJQPLPLFV WKH
VWUXFWXUDO FRQFHSWV DW SOD\ LQ WKH GHUPLV RI
VHD FXFXPEHUV )LJ >@ /LNH RWKHU HFKL
QRGHUPV WKHVH FUHDWXUHV KDYH WKH DELOLW\ WR
UDSLGO\ DQG UHYHUVLEO\ DOWHU WKH VWLIIQHVV RI
WKHLU LQQHU GHUPLV ZKHQ WKUHDWHQHG>@ 5H
FHQW VWXGLHV RQ WKH GHUPLV RI WKHVH LQYHUWH
EUDWHV SURYLGHG HYLGHQFH WKDW WKLV G\QDPLF
PHFKDQLFDO EHKDYLRU LV DFKLHYHG WKURXJK
D QDQRFRPSRVLWH DUFKLWHFWXUH LQ ZKLFK
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ULJLG FROODJHQ ILEULOV UHLQIRUFH D YLVFRHODV
WLF PDWUL[ )LJ >@ 7KH WLVVXH VWLIIQHVV LV
UHJXODWHG E\ FRQWUROOLQJ WKH VWUHVV WUDQVIHU
EHWZHHQ DGMDFHQW FROODJHQ ILEULOV Û> WUDQ
VLHQWO\ HVWDEOLVKHG LQWHUDFWLRQV>@ 7KHVH
DUH PRGXODWHG E\ ORFDOO\ VHFUHWHG SURWHLQV
ZKLFK VZLWFK EHWZHHQ ULJLG DQG VRIW VWDWHV
7KH GHUPLV RI WKH
ÕVÕ>À> vÀ`Ã> DQG
RWKHU VHD FXFXPEHU VSHFLHV WKXV UHSUHVHQWV
D FRPSHOOLQJPRGHO RI D FKHPRUHVSRQVLYH
PDWHULDO LQ ZKLFK D ODUJH PRGXOXV FRQWUDVW
a  WR  03D LV SRVVLEOH
,QWULJXHG E\ WKLV FDSDELOLW\ DQG ZLWK
WKH LQLWLDO JRDO RI FUHDWLQJ QHZ DGDSWLYH
PDWHULDOV IRU ELRPHGLFDO DSSOLFDWLRQV ZH
ODXQFKHGDQH[SHULPHQWDO UHVHDUFKSURJUDP
WKDW VRXJKW WR LQYHVWLJDWH ZKHWKHU DUWLILFLDO
QDQRFRPSRVLWHV FDQ EH FUHDWHG WKDW H[KLELW
VLPLODU DUFKLWHFWXUH DQG SURSHUWLHV>±@
$ ILUVW VHULHV RI VXFK PDWHULDOV ZDV FUHDWHG
IURP D UXEEHU\ HWK\OHQH R[LGHHSLFKORUR
K\GULQ FRSRO\PHU (2(3, )LJ  LQWR
ZKLFK D ULJLG FHOOXORVH QDQRILEHU QHWZRUN
ZDV LQFRUSRUDWHG )LJ >@ 7KH (2(3,
PDWUL[ GLVSOD\V D ORZ PRGXOXV a 03D
GHSHQGLQJ RQ PRQRPHU UDWLR DQG FDQ DF
FRPPRGDWH WKH XSWDNH RI VHYHUDO FKHPL
FDO VWLPXOL &HOOXORVH QDQRILEHUV LVRODWHG
IURP WKH PDQWOHV RI VHD FUHDWXUHV NQRZQ DV
WXQLFDWHV ZHUH XVHG DV WKH UHLQIRUFLQJ ILOO
HU>@ 7KHVH ¼ZKLVNHUV½ H[KLELW KLJK VWLII
QHVV WHQVLOH PRGXOXV a *3D DQG GL
PHQVLRQV DW WKH QDQRPHWHU VFDOH a QP
z  yP 6LPLODU QDQRILEHUV FDQ EH LVR
ODWHG IURP D UDQJH RI ELRPDWHULDOV LQFOXG
LQJ ZRRG DQG FRWWRQ>@ *RRG GLVSHUVLRQ
GXULQJ SURFHVVLQJ FDQ EH DFKLHYHG ZKHQ
ZKLVNHU VHOILQWHUDFWLRQV DUH ¼VZLWFKHG RII½
E\ FRPSHWLWLYH ELQGLQJ ZLWK D K\GURJHQ
ERQGIRUPLQJ VROYHQW>@ 8SRQ VRO
YHQW HYDSRUDWLRQ WKH LQWHUDFWLRQV DPRQJ
WKH ZKLVNHUV DUH ¼VZLWFKHG RQ½ DQG WKH\
DVVHPEOH LQWR D SHUFRODWLQJ QHWZRUN 7KLV
DUFKLWHFWXUH DQG VWURQJ LQWHUDFWLRQV DPRQJ
WKH ZKLVNHUV PD[LPL]H VWUHVV WUDQVIHU DQG
WKHUHZLWK WKH RYHUDOO PRGXOXV RI SRO\PHUV
ZKLFK FRPSULVH VXFK ZKLVNHU QHWZRUNV
:H GHPRQVWUDWHG WKDW WKH LQFRUSRUDWLRQ
RI SHUFRODWLQJ QHWZRUNV RI FHOOXORVH ZKLV
NHUV LQWR DQ (2(3, PDWUL[ DIIRUGV QDQR
FRPSRVLWHV LQ ZKLFK WKH PRGXOXV FDQ EH
UHYHUVLEO\ FKDQJHG WKURXJK WKH DGGLWLRQ RU
UHPRYDO RI ZDWHU ZKLFK DFWV DV D FKHPL
FDO UHJXODWRU DQG FKDQJHV WKH K\GURJHQ
ERQGLQJ DPRQJ WKH ZKLVNHUV ZLWKLQ WKH
SRO\PHU PDWUL[>@ 7UXH WR WKH LQWHQGHG
GHVLJQ WKH XSWDNH RI D VPDOO DPRXQW RI
ZDWHU FDXVHV D GUDPDWLF VWLIIQHVV UHGXF
WLRQ i°}° WKH WHQVLOH VWRUDJH PRGXOXV x LV
UHGXFHG IURP  WR  03D IRU D FRP
SRVLWH ZLWK  YY ZKLVNHUV WKH RULJLQDO
VWLIIQHVV LV UHVWRUHG ZKHQ WKH FRPSRVLWH LV
GULHG )LJ  &RQWURO H[SHULPHQWV DQG
DQDO\VHV XVLQJ PHFKDQLFDO PRGHOV VXSSRUW
WKH FRQFOXVLRQ WKDW WKH VWLIIQHVV FKDQJH LV
GXH WR WKH GHVLJQHG PHFKDQLVP RI DOWHUHG
ZKLVNHU±ZKLVNHU LQWHUDFWLRQV UDWKHU WKDQ
DOWHUQDWLYH HIIHFWV VXFK DV SODVWLFL]DWLRQ RI
WKH PDWUL[
7KH DSSURDFK KDV LQ WKH PHDQWLPH EHHQ
DSSOLHG WR RWKHU PDWHULDOV>@ )RU H[
DPSOH ZH GHYHORSHG FHOOXORVH QDQRFRP
SRVLWHV ZLWK D SRO\YLQ\ODFHWDWH 39$F
PDWUL[ ZKLFK GLVSOD\ HYHQ ODUJHU UHYHUV
LEOH PRGXOXV FKDQJHV  *3D WR a03D
XSRQ H[SRVXUH WR HPXODWHG SK\VLRORJLFDO
FRQGLWLRQV>@ 7KHVH PDWHULDOV GLV
SOD\ D ¼GXDO½ UHVSRQVLYH EHKDYLRU 8SRQ
H[SRVXUH WR SK\VLRORJLFDO FRQGLWLRQV WKH
PDWHULDOV XQGHUJR D SKDVH WUDQVLWLRQ ZD
WHU SODVWLFL]HV WKH PDWHULDO DQG ORZHUV WKH
JODVV WUDQVLWLRQ WHPSHUDWXUH IURP DERYH WR
EHORZ SK\VLRORJLFDO WHPSHUDWXUH LQ DG
GLWLRQ WKH UHLQIRUFLQJ ZKLVNHU QHWZRUN LV
GLVDVVHPEOHG 2QH FXUUHQWO\ FRQVLGHUHG
XVH RI VXFK ELRLQVSLUHG FKHPLFDOO\ DGDS
WLYH QDQRFRPSRVLWHV LV LQ ELRPHGLFDO DS
SOLFDWLRQV VSHFLILFDOO\ DV PHFKDQLFDOO\
DGDSWLYH VXEVWUDWHV IRU LQWUDFRUWLFDO PLFUR
HOHFWURGHV>@
7KH VXFFHVV DQG JHQHUDOLW\ RI WKH QHZ
ELRPLPHWLF GHVLJQ DSSURDFK WR PHFKDQL
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